Our previous studies demonstrated that 17␤-estradiol (E2) rapidly induces the interaction of estrogen receptor ␣ (ER␣) with the adapter protein Shc, the translocation of ER␣ to the cell membrane, and the formation of dynamic membrane structures in MCF-7 breast cancer cells. The present study examined how E2 causes ER␣ to translocate to the region of the plasma membrane and focused on mechanisms whereby Shc and the insulin-like growth factor-1 receptor (IGF-1R) mediate this process. Shc physically interacts with IGF-1R in the plasma membrane, and E2 activates IGF-1R. We reasoned that ER␣, when bound to Shc, would be directed to the region of the plasma membrane by the same processes, causing membrane translocation of Shc. We confirmed that E2 rapidly induced IGF-1R phosphorylation and demonstrated that E2 induced formation of a ternary protein complex among Shc, ER␣, and IGF-1R. Knock down of Shc with a specific small inhibitory RNA decreased the association of ER␣ with IGF-1R by 87%, suggesting that Shc is a crucial molecule in the formation of this ternary complex. Confocal microscopy studies provided further confirmation of the functional roles of Shc and the IGF-1R in the translocation of ER␣ to the region of the membrane. Down-regulation of Shc, ER␣, or IGF-1R with specific small inhibitory RNAs all blocked E2-induced mitogen-activated protein kinase phosphorylation. Together, our results demonstrate that Shc and IGF-1R serve as key elements in the translocation of ER␣ to the cell membrane and in the facilitation of ER␣-mediated rapid E2 action.
stradiol-17␤ (E2) plays a prominent role in mediating the maturation, proliferation, and differentiation of the mammary gland and influences the growth and development of breast cancer (1) . The biological effects of E2 are mediated through the estrogen receptor (ER) acting via classical genomic events in the nucleus and by rapid nongenomic actions at the plasma membrane. Mounting evidence suggests that the nongenomic actions of E2 involve classical receptors acting at the level of the plasma membrane (2, 3) . Although debated previously, current evidence favors the concept that the plasma membrane ER is the same as that locating in the nucleus, but that the membrane pool is present in much lower concentrations (4-6). Using antibodies directed against different epitopes of nuclear ER␣, many laboratories, including ours, have demonstrated that the classical ER␣ can locate in the region of the cell membrane (7) (8) (9) . However, unlike many growth factor receptors, ER␣ has no intrinsic transmembrane domain, raising the question how it can translocate to the plasma membrane. As a potential mechanism, we postulated that ER␣ might bind to Shc, which itself is translocated to the plasma membrane.
Shc binds to docking sites on many growth factor receptors in the plasma membrane, including epidermal growth factor (10) , nerve growth factor (11) , platelet-derived growth factor (10) , and insulinlike growth factor (IGF) receptors (12) . The recruitment of Shc is linked to the intracellular domains of these various activated membrane receptors. When these docking sites are activated, they recruit Shc and in turn Grb-2, SOS, RAS, RAF, and mitogenactivated protein kinase (MAPK), leading to MAPK pathway activation. We postulated that the IGF-1 receptor (IGF-1R) might be a major site for the docking of a Shc͞ER␣ complex based on the following evidence: (i) E2 stimulates the rapid activation of the IGF-1R through its phosphorylation; (ii) ER␣ and IGF-1R are coexpressed, and the levels of the receptors are positively correlated in many breast cancer cells (13) ; (iii) crosstalk between the two receptor-mediated signaling pathways occurs and is strongly linked to the synergistic induction of cell proliferation and antiapoptosis of breast cancer cells (14) ; and (iv) E2 induces binding of ER␣ to Shc (9) . Taking these data into consideration, we investigated whether Shc acts as a translocator carrying ER␣ to the region of the plasma membrane and binding to the transmembrane receptor IGF-1R.
Materials and Methods
Cell Culture, Small Inhibitory RNA (siRNA) Transfection, and Immunoblotting. Detailed description of the reagents, tissue culture methods, and immunoblotting techniques has been described in detail (9) and is provided in detail in Supporting Text, which is published as supporting information on the PNAS web site. For the siRNA studies, a smart pool of double-stranded siRNA against Shc (P-002031-01-20), ER␣ (ESR1-NM-00-05), or IGF-1R (IGF1R-NM-000875) as well as nonspecific siRNA (D-001206-01-05) were obtained from Dharmacon Tech (Lafayette, CO) and used according to the manufacturer's instructions (see Supporting Materials and Methods). For the study of proteinprotein interactions, the reagents and methods to detect Shc and ER␣ were identical to those previously described (9) . IGF-1R phosphorylation and detection were carried out by immunoprecipitation of IGF-1R by using anti-IGF-1R monoclonal antibody (3B7, Santa Cruz Biotechnology) and detection of its phosphorylation status and protein expression by using antiphosphotyrosine antibody (4G10, Upstate Biotechnology, Lake Placid, NY) and anti-IGF-1R ␤ domain antibody (C-20, Santa Cruz Biotechnology), respectively.
Confocal Analysis of Colocalization of ER␣, Shc, and IGF-1R on Cell
Membrane. Detailed methods regarding confocal microscopic studies were previously described in detail and are provided in Supporting Materials and Methods in Supporting Text (15) . Primary antibodies used were: rabbit anti-ER␣ (H184, Santa Cruz Biotechnology sc-7207 diluted 1:100), mouse anti-Shc (PG-797, Santa Cruz Biotechnology sc-967 diluted 1:200), mouse anti-IGF-1R (3B7, Santa Cruz Biotechnology sc-967 diluted 1:200), and mouse antivinculin (hVIN-1, Sigma V-9131 diluted 1:200). Anti-mouse and anti-rabbit second antibodies conjugated to the fluorescent dyes Alexa 488 (green) or Alexa 633 (far red, colored blue) and phalloidin conjugated to Alexa 546 (red) were purchased from Molecular Probes. Colocalization of ER␣, Shc, and IGF-1R on the cell membrane was demonstrated by the development of white color due to the overlapping of green, blue, and red pixels.
Statistical Analysis. All reported values are the means Ϯ SEM. Statistical comparisons were determined with two-tailed Student's t tests. Results were considered statistically significant if the P value was Ͻ0.05.
Results

E2 Stimulates Formation of a Ternary Complex Involving Shc, ER␣, and
IGF-1R.
We previously demonstrated that E2 induces the physical association of Shc with ER␣ in MCF-7 cells (9) . Shc, in turn, binds to the phosphorylated tyrosin residues of IGF-1R (16) . From these observations, we postulated that E2-induced ER␣ membrane translocation might be due to an increased Shc association with membrane receptor IGF-1R. We sought to identify this ternary protein complex by immunoprecipitation of IGF-1R and detection of coimmunoprecipitated Shc and ER␣ in MCF-7 cells treated with or without E2. Under basal conditions, Shc, but not ER␣, associated with IGF-1R (Fig. 1A) . E2 increased both ER␣ and Shc association with IGF-1R in a time-dependent fashion at the physiologic concentration of 0.1 nM. In contrast, IGF-1 at the dose used (1 ng͞ml) had little effect on the association of ER␣ with IGF-1R. We further confirmed the formation of the ternary protein complex by using a reciprocal order of immunoprecipitation of Shc and then detection of both IGF-1R and ER␣ on Western blot (Fig. 6 , which is published as supporting information on the PNAS web site). This ER␣͞Shc͞IGF-1R complex is sensitive to disruption by the antiestrogen, ICI 182,780 (ICI), providing additional evidence that activated ER␣ plays an initiating role in the complex formation (Fig. 1B) .
Activation of IGF-1R Is Involved in E2 Rapid Action in MCF-7 Cells. The time-dependent effects of E2 on IGF-1R phosphorylation were tested by using cell extracts prepared at various times after treatment. E2 stimulated IGF-1R phosphorylation as early as 3 min with the maximum effect at 15 min (Fig. 7A , which is published as supporting information on the PNAS web site). As a positive control, IGF-1 at 1 ng͞ml also strongly stimulated IGF-1R phosphorylation in MCF-7 cells. To further study the effects of other signaling molecules on E2-induced IGF-1R activation, we used a series of selective inhibitors, AG1024 for IGF-1R phosphorylation (17) , ICI for ER␣, and PP2 for Src, respectively. As shown in Fig.  7B , which is published as supporting information on the PNAS web site, E2 greatly increased IGF-1R phosphorylation, which was blocked by all three inhibitors, indicating that ER␣ and c-Src are We determined whether the physical association among Shc, ER␣, and IGF-1R was necessary for E2 to exert functional effects and specifically knocked down each component with siRNA technology. When cells were transfected with the siRNA directed against IGF-1R, the levels of this protein were decreased 24-48 h after transfection and reached Ͻ5-10% when compared with levels of control proteins (Fig. 2A) . The siRNA against ER␣ exerted similar specific effects. When MCF-7 cells were transfected with the siRNA against Shc, the levels of both p52 and p46 isoforms were equally decreased, suggesting that both p52 and p46 mRNA of Shc were equally targeted by the siRNA. Decreased Shc protein expression was documented only in the cells expressing siRNA against Shc but not in cells expressing siRNA against either IGF-1R or ER␣, demonstrating the specificity of the siRNA. This was also the case for siRNAs against IGF-1R or ER␣. We then used confocal microscopy techniques to demonstrate specificity of knock down of Shc on ER␣ expression in two-color immunofluorescence staining image (Fig. 2B ). The result clearly shows that siRNA against Shc only decreased Shc protein level without altering the level of ER␣ expression, as indicated by nuclear ER␣ staining. To further confirm the specificity of the siRNAs, we probed the polyvinylidene difluoride membrane with two unrelated proteins, insulin receptor substrate 1 and vitamin D receptor, and found no decrease in their levels (Fig. 8 , which is published as supporting information on the PNAS web site). Taken together, these experiments demonstrated that siRNAs against IGF-1R, ER␣, and Shc were specific and effectively down-regulated the selective target proteins in MCF-7 cells.
We next tested whether Shc is required for the physical interaction between IGF-1R and ER␣. MCF-7 cells were trans- fected with or without specific siRNAs against Shc for 2 days, followed by treatment with vehicle or E2. The interaction of ER␣ with IGF-1R was first assayed by immunoprecipitation of IGF-1R and detection of ER␣ on Western blot (Fig. 2C) . Expression of the nonspecific siRNA did not block E2-induced enhancement of ER␣͞IGF-1R association. In marked contrast, expression of the siRNA against Shc blocked this association by 87%. To confirm this observation, a reciprocal order of antibodies was used. Fig. 2D shows that IGF-1R is coimmunoprecipitated with ER␣, which was increased by E2 treatment in control siRNA transfected cells. Down-regulation of Shc blocked both basal level as well as E2-induced ER␣͞IGF-1R interaction. Together, our data demonstrated that Shc plays an important role in MCF-7 breast cancer cells by linking ER␣ to the membrane receptor IGF-1R.
Functional Role of Shc in Mediating the Membrane Effects of ER␣.
We focused on the colocalization of Shc and ER␣ in response to E2 in the cells with or without Shc siRNA transfection. Fig. 3A represents nonmerged individual stained images of Shc, ER␣, and actin. Fig.  3 Left, Center, and Right are images of vehicle-treated cells, E2-treated cells, and cells treated by E2 after Shc down-regulation by siRNA, respectively. Under basal conditions, Shc is mainly expressed in the cytoplasm (Fig. 3Aa) and ER␣ mainly in the nucleus with minimal scattered staining in the cytoplasm (Fig. 3Ab) . In marked contrast, E2 rapidly translocates Shc to the region of the plasma membrane as the arrow pointed (Fig. 3Ad) . E2 appeared also to translocate ER␣ into the region of the plasma membrane (Fig. 3Ae) . As further evidence of the efficacy of the siRNA against Shc to knock down this adaptor protein, the blue staining representing Shc decreased by 90% (Fig. 3Ag) . Shc knock down strikingly abrogated the ability of E2 to translocate ER␣ to the region of the plasma membrane. This did not result from down-regulation of ER␣ itself, as evidenced by the persistence of nuclear ER␣ staining (Fig. 3Ah) .
To provide further evidence of protein colocalization and cell morphologic changes in response to E2, we used a three-color merged image technique (Fig. 3B) . Under basal conditions (Fig.  3Ba) , cells show fewer ruffles on the membrane. Much of the Shc staining was actually cytoplasmic rather than membranous, as indicated by the blue color. ER␣ was seen primarily in the nucleus but also expressed in cytoplasm. E2 treatment stimulated Shc and ER␣ membrane region association where they colocalized along the cell membrane, as indicated by the white color development because of the overlapping of blue͞green͞red colors (Fig. 3Bb) . In many instances, ER␣ seemed to be collected specifically on the upper surface of extending filopodia rather than on the more basal extending edge. Expression of siRNA directed against Shc greatly reduced Shc protein expression (Fig. 3Bc) , which also abolished ER␣ membrane association induced by E2. A striking finding was rapid induction of E2 induced cell morphologic changes, such as ruffles and filopodia as shown in Fig. 3Bb . Blockade of ER␣ membrane association by down-regulation of Shc did not abrogate the E2-stimulated cell morphologic changes (Fig. 3Bc) , indicating that the morphologic changes are not regulated by the ER␣͞Shc membrane association. Collectively, these results demonstrated that Shc as a molecule mediates ER␣ rapid membrane association, and this ER␣͞Shc membrane association is not involved in E2-induced specific changes on cell morphology.
IGF-1R Is a Membrane Protein for Shc͞ER␣ Binding.
To test whether IGF-1R is a docking protein on the cell membrane for ER␣͞Shc association, a confocal microscopy experiment was performed by immunostaining of IGF-1R (blue), ER␣ (green), and phalloidin (blue). IGF-1R is expressed focally along the cell membrane (Fig.  4A) as well as in the cytoplasm (Fig. 4Aa) . E2 treatment had little effect on IGF-1R distribution (Fig. 4Ad ) but induced the ER␣ membrane translocation (arrow in Fig. 4Ae ). Expression of IGF-1R siRNA greatly down-regulated IGF-1R protein expression in the cells (Fig. 4Ag) , as indicated by decreased blue color. Downregulation of IGF-1R clearly blocked ER␣ membrane translocation in the cells (Fig. 4 Ah and Bc), confirming the role of IGF-1R on ER␣ membrane association. E2 rapidly induced cell motile structure formation (Fig. 4Ab) , compared with vehicle treatment (Fig.  4Ba) . At the same time, down-regulation of IGF-1R had little effect on the E2-induced cell morphologic changes (Fig. 4Bc) . Together, our data demonstrated that both Shc and IGF-1R are involved in ER␣ membrane association in MCF-7 cells but not in E2 action on cell motile structure development.
ER␣ Membrane Association Is Directly Correlated to E2-Induced MAPK
Phosphorylation. We examined the effect of E2 on MAPK phosphorylation in cells in which Shc, ER␣, or IGF-1R was selectively knocked down. The rapid induction of MAPK activation served as the biologic endpoint reflecting functionality. As shown in Fig. 5A , treatment with physiologic concentrations of E2 at 0.1 nM resulted in a 3.4-fold increase of MAPK phosphorylation in control siRNA transfected cells. The siRNAs against IGF-1R, ER␣, or Shc specifically blocked E2-induced MAPK phosphorylation, indicating the involvement of IGF-1R, Shc, and ER␣ in E2 action on MAPK. Elevated basal MAPK phosphorylation was seen in the cells expressing siRNA against IGF-1R. To further confirm the involvement of IGF-1R on E2-induced MAPK activation, a specific IGF-1R tyrosine kinase inhibitor AG1024 was tested along with other inhibitors. Fig. 5B shows that E2 greatly increased MAPK phosphorylation, which was blocked by AG1024, ICI, and PP2, indicating that IGF-1R, ER␣, and c-Src are all upstream components regulating MAPK in E2 rapid action. AG 1024 also blocked cell proliferation as biologic evidence for the role of IGF-1R in E2-induced cell proliferation (Fig. 9 , which is published as supporting information on the PNAS web site).
Discussion
ER␣ mediates the effects of E2 at the level of the nucleus through classic genomic actions on transcription and additionally initiates rapid nongenomic events via membrane-associated interactions. The present study examined the mechanism by which the ER␣ can translocate to the region on or near the plasma membrane. We postulated that the adaptor protein Shc serves as the translocator by binding to ER␣ and then carrying this receptor to Shc-binding sites of IGF-1R located on the cell membrane. Thus ER␣ translocates to the plasma membrane region via the same mechanisms that allow Shc to locate there. Our previous studies demonstrated that E2 induced direct interaction of ER␣ with Shc and caused translocation of ER␣ to the region of the plasma membrane (9). Our current findings provide several lines of evidence to support our hypothesis regarding ER␣͞Shc͞IGF-1R interactions leading to ER␣ membrane association. We demonstrated that Shc and IGF-1R are strictly required for translocation of ER␣ to the membrane region and for E2 induction of MAPK activation. Immunoprecipitation and confocal localization studies demonstrated that E2 causes the formation of ternary protein complexes involving Shc, ER␣, and the IGF-1R. More importantly, selective knock down of Shc or IGF-1R with siRNA technology or use of the antiestrogen, ICI, disrupts the ternary complexes. Knock down of Shc abrogates the ability of E2 to translocate ER␣ to the membrane region and to activate MAPK. As evidence of biologic function, an inhibitor of IGF-1R phosphorylation blocks E2-induced cell proliferation (Fig. 9) . Taken together, our findings demonstrate a previously undescribed function of Shc that links ER␣ to the region of the cell membrane by binding to IFG-1R. Members of the steroid hormone family classically act through transcriptional regulation at the nuclear level (18) . However, increasing evidence suggests that all of these hormones also exert rapid membrane-mediated effects on their target cells (2, (19) (20) (21) (22) . Controversy exists regarding the identity of the membrane receptor proteins and specifically whether they are classical receptors or other binding proteins (6, 8, 9 ) Down-regulation of ER␣ by the selective siRNA in the present study clearly demonstrates the role of ER␣ itself in mediating the effects of E2 on MAPK activation. Li et al. (23) have described a role for truncated forms of ER␣ on the membrane, as reviewed in detail.
Transmembrane receptors for growth factors, such as IGF-1 and epidermal growth factor receptor (EGFR), are believed to be integral components in the growth response to E2, but the specific steps are unclear. The tyrosine phosphorylation and activation of IGF-1R induced by E2 were reported in uterine epithelial cells and ER-transfected COS-7 cells (24) (25) (26) . Previously, we demonstrated strong interaction between ER␣ and Shc through N-terminal ER␣ and PTB͞SH2 domains of Shc in MCF-7 cells (9). Shc is a well-defined molecule, which mediates growth factor mitogenic actions by activation of the MAPK pathway (27) . Activation of IGF-1R will recruit Shc binding on the receptors (28) . Regarding IGF-1R, it is noteworthy that a large amount of evidence pointed out that Y950 of IGF-1R is a major site for Shc binding, phosphorylation, and activation in response to IGF-1 (16, 29) . IGF-1R functions as a membrane-docking site that recruits the adapter protein Shc after the receptor is activated. Nevertheless, more complicated mechanisms exist for the involvement of IGF-1R, because phosphorylated IGF-1R also recruits the p85 regulatory domain of phosphatidylinositol 3-kinase binding to the receptor. This domain has been reported to physically associate with ER␣ in human vascular endothelial cells and MCF-7 cells (30, 31) . This might explain our biochemical findings that down-regulation of Shc decreased the level of ER␣ associated with IGF-1R but did not completely eliminate ER␣ and IGF-1R interaction.
EGFR, in a fashion analogous to IGF-1R, is also a transmembrane tyrosine kinase receptor that has been engaged in different processes critical for cell proliferation, survival, and tumor invasion. E2 has been reported to activate MAPK by activation of matrix metalloproteinases-2 and -9, heparin-binding EGF release, and activation of EGFR (7, 32) . The interaction between the signaling pathways of ER␣ and the EGFR is known to contribute to the biological effects of E2. Experiments show that EGF antibody prevents E 2 -induced vaginal and uterine growth (33) , implying that crosstalk from ER␣ to the EGFR at the membrane may be physiologically important. The EGFR signaling pathway is important in the development of reproductive tissues (34, 35) . The requirement for EGFR on E2-induced ER␣-membrane association is currently under investigation in our laboratory.
The present study demonstrated a dramatic dissociation between the requirement of Shc for MAPK activation and for dynamic membrane changes. Specifically, knock down of Shc blocked MAPK activation by E2 but not dynamic membrane changes (Figs.  3Bc and 4Bc) . Our working hypothesis to explain this dichotomy of effects is that an ER␣͞Shc͞IGF-1R complex in the plasma membrane may be needed to activate MAPK. On the other hand, the presence of ER␣ in the cytoplasm contiguous with dynamic membrane changes may be sufficient to induce dynamic membrane changes. Based on our findings, we propose a model for E2-induced ER␣ membrane association and its function on MAPK activation (Fig. 10 , which is published as supporting information on the PNAS web site). In this model, liganded ER␣ interacts with Shc, leading to Src activation; Src in turn phosphorylates IGF-1R, which recruits Shc; and Shc acts as a translocator to bring ER␣ to the cytoplasmic membrane. Association of Shc with membrane IGF-1R serves two functions; one is to lead to ER␣ membrane association, and the other is to activate MAPK in IGF-1R-dependent manner. An extensive discussion is available as supporting information on the PNAS web site.
